Direct isoparaffin synthesis method from syngas was developed by using a hybrid catalyst composed of Fischer-Tropsch synthesis catalyst and ZSM-5 zeolite.
Introduction
Fischer-Tropsch synthesis (FTS) is an effective method to produce clean normal hydrocarbons from syngas, while the later is easily obtained from other organic resources such as coal, biomass and natural gas. FTS produces liquid normal paraffin as well as little normal olefins. To obtain isoparaffins from syngas, zeolite can be employed to make the FTS hydrocarbon hydrocracked. Until now, only a Shell plant uses a two-stage process to produce branched hydrocarbons from syngas, where the 1st-stage is a conventional gas-phase FTS reaction and the 2nd-stage is hydrocracking of the obtained waxy hydrocarbon after removal of byproduct water. But this process is complicated and furthermore the 1st-stage, where gas-phase FTS is conducted, has the problem of catalyst deactivation due to the wax deposition onto the catalyst surface1). Liquid-phase2) or supercritical-phase3) FTS can overcome the wax deposition with the aid of accompanying hydrocarbon medium. But zeolite would decompose the hydrocarbon medium at the liquid-phase or supercritical-phase reaction condition.
Here the present authors developed a one-stage reaction process where FTS and the hydrocracking of hydrocarbons were accomplished in the same reactor. FTS was implemented as a gas-phase reaction while the coexisting zeolite decomposed wax in situ to extend the catalyst lifetime. Moreover, a third component, Pd/SiO2, was added to the catalyst above to increase the zeolite catalyst lifetime.
Experimental
Co/SiO2 (20wt%) catalyst, as FTS catalyst, was prepared from cobalt nitrate by incipient wetness method. Pd/SiO2 (2.5wt%) catalyst was prepared by the similar method to that of Co/SiO2 but the precursor was Pd(NH3)2(NO2)2 acidic solution. Commercially-available ZSM-5 zeolite (SiO2/Al2O3=24, Tosoh Co.) was well mixed with the two catalysts above and then pressed at 60.0MPa. The weight ratio was Co/SiO2:Pd/SiO2:ZSM-5=4:1:4. For reference, Co/SiO2:SiO2:ZSM-5 (weight ratio: 4:1:4) was also prepared by the same method. All the catalysts were in the size of 20-40 mesh and was reduced in flowing hydrogen in situ before reaction.
Reaction was implemented using a flow-type pressurized reactor: The affluent hydrocarbon products were analyzed on-line by gas chromatograph (GL-Science GC390B), with a capillary column (Neutrabond-1) coupled with V Station software. All the products were assigned on a GC-MASS (Shimadzu GCM 5050A) with the same column and temperature program. Reaction conditions were as follows:
temperature, 503K-523K; pressure, 1.0MPa; total catalyst weight, 1.0g; contact time (W/F), 11.5g.h/mol; H2/CO, 3 or 2.
Results and Discussion
In Fig. 1 , it is shown the hydrocarbon distribution obtained at Co/SiO2 only or Co/SiO2+ZSM-5. CO conversion of both reactions was 100%. CO2 selectivity was only about 2%. For the conventional FTS on Ca/SiO2 catalyst, hydrocarbons distribution was extended to C16 and no olefin were formed. As syngas used here was hydrogen-rich (H2/CO=3), olefin formation was suppressed. But in the product distribution of the modified FTS on Co/SiO2+ZSM-5, heavy hydrocarbons disappeared and C4-C10 fractions increased obviously. This fact is in good accordance with the reported findings that hydrocarbons with longer chain were easier to be hydrocracked4). Isoparaffins were formed with little bit olefin. It should be indicated that the isomerization reaction equilibrium between isoparaffin and normal paraffin existed and it is impossible to exclude the formation of normal paraffin. The waxy product from conventional FTS stayed at the surface of the catalysts easily and received the secondary hydrocracking effectively to form lighter hydrocarbons containing isoparaffins. Consequently FTS catalyst lifetime was extended.
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FTS produced water and the latter deactivated zeolite catalyst5). In fact, the above FTS on Co/SiO2+ZSM-5 deactivated slowly from about 10h time-on-stream. Moreover, olefinic hydrocarbons from hydrocracking reaction on zeolite could form oligomers to deactivate acidic sites of ZSM-5. To stabilize the activity of ZSM-5, Pd/SiO2 catalyst was added to the Co/SiO2+ZSM-5 hybrid catalyst to form a three-component catalyst. In Fig. 2 , the effect of Pd/SiO2 introduction was exhibited. It is clear that olefin content in the FTS products of Pd-containing catalyst deaeased significantly. It seems that little intrinsic olefinic FTS hydrocarbons were hydrogenated on Pd before reaching zeolte. More importandy, olefinic products from hydrocracking reaction on zeolite received hydrogenated on Pd as well.
Here the feed gas ratio was H2/CO=2 and most of the hydrogen was consumed in the FTS reaction The hydrogen used in hydrocracking was not enough and lithe olefin existed even if Pd was introduced. While the syngas ratio was H2/CO=3, no olefin appeared in the products on the Pd-containing catalyst at the same reaction condition.
When Pd/SiO2 was used, methane selectivity decreased from 18% to 11%, as in Fig. 2 . Here methane formed from not only FTS itself but also hydrocracking reaction, became olefins from FTS are 1-olefins only. As 1-olefins were hydrogenated on Pd effectively, methane derived from 1-olefin hydrocracking disappeared.
Hybrid catalyst life was extended remarkably after Pd was included in the catalyst Continuous test of 100h reaction did not lower the catalyst activity and hydrocarbon distribution The framework of ZSM-5 was stable from XRD observation6). Coexisting Pd could active hydrogen from gaseous H2 to stabilize or strengthen the acidic sites of zeolite via spillover effect7). As shown in Fig. 2 , the distribution of hydrocarbons was more concentrated on Co/SiO2+Pd/SiO2+ZSM-5 catalyst; indicating that acidic sites were strengthened via spillover effect. 
